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DELAYED EFFECTS OF PROTON IRRADIATION IN MACACA MULATTA

III. GLUCOSE INTOLERANCE

INTRODUCTION

The delayed effects of space radiation are of concern to the Air Force
because extended manned operations in earth orbit may expose aircrews to sig-
nificant levels of particulate radiation of solar and cosmic origin (3). Iden-
tification of the latency and dose-response relationship of these biological
effects is critical to the development of criteria for safe exposure limits
and radiation protection measures. This study is a part of a project begun in
1964 and jointly sponsored by the U.S. Air Force and the National Aeronautics
and Space Administration. The design and history of the project has been
described in earlier reports in this series (10,11). A group of young rhesus

monkeys of both sexes was exposed to monoenergetic protons (32, 55, 138, 400,
and 2300 MeV) representative of the proton-energy spectrum in space. The
32- and 55-MeV protons have average tissue-penetration depth of 1.0 and 2.5 cm
respectively, while the higher energies provide a homogeneous depth-dose dis-
tribution along a total-body penetrating path. This report describes the re-
lationship between the type and energy of radiation exposure and the develop-
ment of impaired blood glucose clearance (glucose intolerance).

TECHNICAL BACKGROUND

Maturity-onset diabetes mellitus is a common and debilitating disease of
humans. It also occurs spontaneously in rhesus monkeys, although the number
of reports is too small to permit accurate estimation of the incidence in this
species (4,5,6). The disease is a complex metabolic disorder affecting many
organs and tissues; however, the signs on which clinical diagnosis is based
are the diminished capacity to metabolize glucose indicated by high concentra-
tion of glucose in the blood and a decrease in the rate of clearance of exog-
enous glucose from the peripheral circulation. Normal glucose metabolism
does not occur without adequate insulin, a polypeptide hormone produced by the
pancreas. Insulin is required for the transport of glucose from the extracel-
lular fluid into the cells, for glycogen synthesis and glucose phosphoryla-
tion. Insulin deficiency allows abnormal accumulation of glucose in the

circulating blood. Insulin is released into the circulation in response to
exogenous glucose absorbed from the gut. Insulin release may also be stimu-
lated by direct infusion of glucose into the blood, but the response is not as
great as that produced by oral administration (2). Adult-onset diabetes mel-

-A litus is characterized by low insulin response to glucose challenge as well as

by glucose intolerance and hyperglycemia. Recent surveys in humans have pro-
vided evidence that the magnitude of the insulin response is genetically de-
termined and that some low insulin responders may have normal glucose
tolerance and blood glucose levels (7). This finding has prompted speculation
that in low insulin responders, sensitivity to insulin at the cellular level
has increased to compensate for the insulin lack. Decompensation occurs when
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cellular sensitivity to insulin is lost because of pregnancy, obesity, aging,
or other external factors. The high incidence of adult onset hyperglycemia
identified during the periodic physical examination in the chronic radiation
colony suggested that total-body radiation may be such a factor (9). Since
the establishment of the chronic radiation colony, 35 animals have been iden-
tified as hyperglycemic (defined as having fasting serum glucose levels
greater than 200 ml/dl on two consecutive examinations). All but one had been
irradiated. At the present time 15 hyperglycemic animals (14 irradiated, 1
control) remain alive. Since glucose tolerance decreases in older animals, it
is possible that the observations reflect an acceleration of certain biochemi-
cal processes associated with aging. Regardless of whether the effect is due
to premature aging or to another specific radiation-induced injury, it is

• important to test the hypothesis that the frequency of hyperglycemia in low
insulin responders is increased by total-body irradiation. If it can be shown
that a segment of the population is genetically susceptible to radiation-
induced diabetes, and that these individuals can be identified by their
insulin response to glucose challenge, the information could influence the
selection criteria, exposure limits, and protective measures for crew members
in extended earth orbit missions.

MATERIALS AND METHODS

Design

One hundred ninety-eight animals (42 controls, 106 proton exposed, and 50
other radiation types) comprising the population of the chronic radiation
colony plus ten 9-11-year-old noi, rradiated subjects were tested in groups of
5 over a 20-week period. Test subjects were randomly selected with respect to
radiation exposure, but the group of animals with a history of hyperglycemia
were sampled first to reduce the probability of any deaths prior to tests.
Testing was done between 8 a.m. and 10 a.m. each day.

Schedule

Food was withheld from the subjects for 16 hours prior to testing. Animals
were immobilized with a single intramuscular dose of ketamine HCI, 15 mg/kg. A
19-g indwelling venous catheter was inserted in a leg vein, and 6-ml blood
samples were drawn before glucose administration and every 12 minutes after
administration for 1 hour. The dose of glucose was 0.5 g/kg body weight in
50% solution. Catheters were kept filled with heparinized saline to prevent
clotting. Additional ketamine was given intravenously in 5 mg/kg increments
as required for adequate restraint.

Laboratory Procedures

Blood glucose was measured by an automated (Technicon) modification of the
method described by Brown (1). Insulin determination was done by commercial
radioimmunoassay kit (New England Nuclear Radiopharmaceutical Corp). Serum
was frozen and stored until a convenient number for analysis had accumulated.
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In addition to the glucose and insulin measurements, glucose clearance rate
was expressed as the percent of the circulating blood glucose disappearing per
minute after injection, assuming a logarithmic disappearance curve and apply-
ing a least-squares regression line to determine the half life of the blood
glucose. The insulin response was determined by calculating the area under
the insulin response curve, using the fasting insulin level as a baseline.

Data Analysis

A multivariate analysis of variance (MANOVA) was employed using as compo-
nents each subjects' fasting blood glucose (FBG), fasting insulin (FI), glu-
cose clearance (K) and insulin response (IR). Three age groups of nonirra-
diated control animals were available for testing. Their ages, group sizes,
averages and standard errors of all experimental parametersare given in
Table 1. No interaction between age and sex was noted (p=.1244, Roy's maximum

root test). There were no differences between 17- and 20-year-old control
animals in any of the four measurements at the .05 level of significance;
therefore, these two groups were combined to form one group of "old controls"
of both sexes.

Results

The 9-11-year old controls had a higher mean glucose clearance rate than
the 17-20-year-old group. Among all controls, males had higher fasting blood
glucose and lower total insulin response than females (Table 1).

Table 2 gives the sample sizes available in the original proton studies by
dose, energy, and sex. Table 3 presents the average measurements for each
energy when all doses are combined. Table 4 contains the average measurements
for each dose when all energies are combined.

Comparisons of energies were made by a 2-factor MANOVA (SEX X ENERGY) with
the inclusion of the combined controls forming a sixth energy group. Doses
were compared by a 2-factor MANOVA (SEX X DOSE) with the combined controls
forming a fifth dose level. By combining doses in comparing the energies (or
by combining energies in comparing the doses), we have increased our sample
sizes and enhanced the chance of finding significant effects. This screening
procedure allows us to see if anything unusual is occurring It is in the
following testing that we pinpoint whether the significance is attributed to
specific energy or dose. Interaction was tested first by Roy's maximum root
test. When significant, it indicates that males and females did not respond
in the same way to either the energies or the doses. In those cases where
interaction was present, separate 1-factor MANOVA models were fit. In either

event Bonferroni simultaneous test procedures compared all possible pairs for

significance between factor levels.

A SEX X ENERGY interaction was detected in examining all energies at once.
The separate analysis for the males found the 2300-MeV fasting blood glucose
level greater than both the 55- and 400-MeV levels (a-.05). Average glucose

clearance among the 400-MeV subjects was also less than the 55-MeV subjects.
The separate analysis for females found average fasting blood glucose levels

3
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signifieant differeries between the sexes Ait 32 MeV; higher f I;I ig bl d
glucose levi'.s in females at 55 MeV (a=.05); slightly lower glu(,(o3, clearance
in females at 138 MeV (a=.10); lower fasting insulin and insulin response in
400-MeV males (a=.05); and lower fasting insulin levels in 2300-MeV males

SEX X DOSE interaction was not observed when all doses were examined at

once. A comparison of dose levels led to no significant findings. Comparison
of the sexes led to the observation that both fasting insulin levels and insu-
lin response times were significantly lower in the males (a=.05). A separate
analysis for each sex indicated 360-400-rad male fasting insulin levels were
less than control males; and 500-650-rad female fasting blood glucose levels
were significantly higher than female controls (a=.05). Sex comparisons by
individual doses found 200-280-rad males with lower fasting insulin levels
than the females (a=.O1). At 25-113-rads, males had slightly higher average
insulin response levels (a=.10).

Tables 5 - 8 present the average measurements for each variable by dose,
energy, and sex. In an attempt to eliminate the variability between energies,
separate MANOVAs compared the various dose levels within a given energy for
dose and sex effects where possible. Similarly, separate MANOVA's compared
the various energies within a given dose grouping. Testing was accomplished
as before; i.e., a 2-factor model was fit; when interaction was detected,
1-factor models were used; in either case, Bonferonni's simultaneous testing
examined all possible pairs. Table 9 summarizes the statistically significant
differences for all parameters among all combinations of dose and energy. In
addition, the 400-MeV male insulin response was less than the females (a=.05).

Data were also grouped to contrast totally penetrating (138-2300 MeV)
energies with the partially penetrating (32-55 MeV) energies. Initially, a
14 x 2 x 2 (DOSE, ENERGY, SEX) MANOVA was examined with dose levels of 25-113
rads, 200-280 rads, 360-400 rads, and 500-650 rads. Table 10 summarizes means
and sample sizes for these respective groupings. Both DOSE X ENERGY (a=.05)
and DOSE X ENERGY X SEX (a=.01) interactions were present. Accordingly, each
sex was analyzed separately in a 4 x 2 x 1 design.

No DOSE X ENERGY interaction was present in the males (a=.05). A compari-
son of the higher with the lower energies revealed greater fasting blood
glucose levels in the higher energies (a=.05) and shorter gluco.se clearance

%,.- and insulin response times in the higher energies (a=.05). No *dose effects
could be detected by this design (,=.05).

A DOSE X ENERGY interaction was present in the females (a=.05). The only
significant contrasts between high- and low-energy groups occurred in fasting
insulin in the 25-113-rad range and glucose clearance In the 360-'400-rad
range. In the former case, the fasting insulin levels were highr in the
totally penetrating; while in the latter case, glucose clearano' times were

N ' longer in the lower penetrating energies. The only detectable dose difference
w-i! lower fasting insulin levels in the 360-140-rad hlgh-energ group compared

*to the 200-230-rad high-energy subjects.
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When the data are divided Into normal (K a ), bordurlino (I K ' .') ,,i
diabetic (K < 1) groups (Fig. 1), the differencoe: in proportions between cn--
trol and irradiated subjects In each group were not statistically significant
(chi-square). However, the proportion of controls with normal clearance rates
was greater than the exposed.

A complete table of data on all subjects is included as Appendix A.

B
33/42 PROTON EXPOSED

8 3--2CONTROLS

76/106

70 ,

P0-' E" 80 .''-

R
C
E 5
N
T 40 .

30

24/18 8/42
1%~20

I0 86 0//I42

'pp"..l.. 3/42

K>-2 1<-K<2 K<I

Figure 1. Glucose clearance rate.
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DISCUSSION

The lowered glucose tolerance in the 17-20-year-old nonirradiated animals

S--as compared with the 9-11-year-old controls is consistent with the reports of
reduced glucose tolerance in normal aging humans. While the average insulin
response of the old controls was not significantly different from that of tho
young controls, there was greater correlation between insulin response and
glucose clearance rate in the younger animals (young: r=.78, n=10; Old: r=.17,
n=42). A possible explanation for this would be age-related decrease in insu-
lin sensitivity or number of insulin receptor sites available to the plasma
insulin. Glucose clearance would then be less dependent on plasma insulin
than on the tissue sensitivity to insulin. This finding would seem to disagree
with published reports on nonobese glucose-intolerant humans that indicated no

* decrease in insulin sensitivity, but, rather a relative hypoinsulinemia (8).
It should be recognized, however, that none of our control animals was in the
category of glucose intolerant as defined in the human studies, i.e., K < 1.0.

Considerable heterogeneity in insulin response and insulin sensitivity in
human population has been reported (8). Overtly diabetic individuals may be
hyperinsulinemic and insulin resistant for a period before the islet cells
become unresponsive to glucose challenge.

'' Given the limitations imposed by small sample groups and conservative

statistical analyses, total-body proton irradiation can influence the develop-
ment of glucose intolerance and adult-onset hyperglycemia. Tables 9 and 10
indicate that energies sufficient to provide uniform dose distribution
throughout the body, especially in males, are more effective in promoting

* glucose intolerance than lower energies. Energies of 138 MeV and above
allowed the pancreas to absorb a higher percentage of the surface radiation

dose than the lower energies and may have accelerated the loss of responsive-
ness of the Beta cells to glucose challenge. Although the difference in
insulin response could not be confirmed statistically, the average insulin
response in the high-energy group was lowest where the corresponding glucose
clearance was also low. Among those animals with severely impaired glucose
clearance (K < 1.0) there was markedly reduced insulin response. This finding

54.. is consistent with other observations on macaques with naturally occurring
diabetes mellitus (4). Of the six animals in this group, four were exposed to
high-energy protons and two were exposed to low-energy protons.

It was not possible to draw any inferences regarding the susceptibility of
genetically low insulin responders to radiation-induced glucose intolerance.
Although all the animals with severe glucose intolerance had a low insulin
response, those irradiated animals with K values in the intermediate or pre-

diabetic range exhibited a wide range of insulin responses. It is doubtful
that insulin response to a single intravenous glucose dose would be of value
in estimating the degree of glucose intolerance that might be expected as a
delayed effect of total-body irradiation.
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CONCLUSIONS

Glucose tolerance in rhesus monkeys diminishes as a normal consequence of
aging. The progression of glucose intolerance to a hypoinsulinemic, hypergly-
cemic state analogous to human adult-onset diabetes mellitus can occur in the
general population. Total-body proton irradiation, particularly in the energy

.. range providing complete body penetration, appears to increase the probability
of development of the diabetic syndrome. It is suggested that this increased
probability of diabetes is due to direct effect of the irradiation on the Beta
cells of the pancreatic islets.
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